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Use of CFD-software with simulation of particle formation and precipitati-
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Ukraine
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Kharkiv Petro Vasylenko National Technical University of Agriculture, Ukraine
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filtration, S. Alfadul*, A. Alabdulaa'aly, M. Kahn, KACST King Abdulaziz City for
Science and Technology; M. Abdalla, Saud University, Saudi Arabia
Comparing fibre composition of nonwovens: Filtration performance and
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Fabrication and performance evaluation of nano-fibrous filters for filtration
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Improved filterefficiency through integrated nanofibers, W. Rupertseder*, 
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Simulation of particle separation at woven wire filters, H. Rieger*, H. Sauter,
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Penetration of aerosol particles through polydisperse fibrous filters –
Model and experiment, A. Podgórski*, A. Jackiewicz, Warsaw University of
Technology, Poland
Nano filtration media - Challenges of modelling and computer simulation,
L. Cheng*, S. Rief, Fraunhofer Institute for Industrial Mathematics ITWM, Germany
Investigation of filter service life increased by collating high efficiency
media, P. P. Tsai*, The University of Tennessee, USA
High-performance spunlace filter media for process air and liquid filtration,
V. Lorentz*, Norafin GmbH, Switzerland
Influence of filter cloth behaviour on the layout of cake forming filters, 
E. Ehrfeld, Bokela GmbH, Germany
Comparison of pore size distribution of non-woven fibrous filter evaluated
by computer simulation with the distributions measured by DFM and
microscopic observation, K. Matsumoto*, K. Nakamura, Yokohama National
University; T. Yunoki, Tritec Corporation, Japan
Continuous welding and simultaneous edge sealing of pleated filter media,
A. Korz*, K. Herzer, Textile Fusion Technologies GmbH, T. Westermann, Pfaff
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Y. Taamneh, S. Ripperger, University of Kaiserslautern, Germany
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W. L. Gore & Associates Inc., USA
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M. Piesche, University of Stuttgart, Germany
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The electrostatic effects, L. Gradon*, Warsaw University of Technology, Poland
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University, P.R. China; V. Bertola, The University of Edinburgh, UK; E. Cafaro, 
P. Tronville*, Politecnico di Torino, Italy
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EFFECT OF SLIP FLOW ON THE PRESSURE DROP  
IN FIBROUS FILTERS 
Bin Zhou1,3, Volfango Bertola2,3, Emilio Cafaro3, Luigi De Giorgi3, Paolo Tronville3*
1 HVAC & Gas Institute, Tongji University, 200092 Shanghai, P.R. China 
2 School of Engineering, The University of Edinburgh, Edinburgh EH3 9DD, UK 
3 Department of Energetics, Politecnico di Torino, 10129 Turin, Italy 
ABSTRACT 
Slip occurs when the gas velocity at flow boundaries is not zero. As a step toward 
deriving the effects of slip flow on the pressure drop in fibrous filters, we examine slip 
flow solutions for relatively simple geometries (sphere, cylinder, parallel plates and 
circular tube). Whilst the analytical approach is available for the sphere, parallel plate 
and tube geometries, a CFD solution is necessary for the cylindrical geometry. The 
results show that slip flow causes a pressure drop reduction in comparison to the no-
slip case for all these cases. Since fibrous filters are essentially combinations of 
these geometric elements, the inclusion of slip conditions in fibrous filter flow 
analyses will predict lower filter media pressure drops, and improve prediction 
agreement with measured pressure drops. 
KEYWORDS
Fibrous Filter, Pressure Drop, Slip Flow, CFD-Simulation, Incompressible flow 
1. Introduction 
Fibrous filters are widely used in air cleaning and HVAC applications because they 
ensure high filtration efficiencies and lower pressure drops in comparison with of 
other types of filter. However, the random distribution of the fibers determines 
extremely complex paths for the fluid flow, so that currently the design of fibrous 
filters is essentially based on empirical criteria. 
A major issue that makes modeling fibrous filters difficult is the occurrence of slip flow 
within narrow gaps among fibers, which affects both semi-empirical models and the 
implementation of numerical algorithms [1, 2]. This happens whenever the gap size 
or fiber diameter, L, becomes of the same order as the mean free path of fluid 
elements, f (i.e., when 1. LKn f ). Thus, understanding the characteristics of slip 
flow at low Reynolds numbers is essential to describe the fluid dynamic behavior of 
fibrous filters, hence to estimate pressure drops. A full characterization of slip flow 
around fibers would bring a significant advantage to the numerical solution of the flow 
field: in fact, if one can calculate a priori the thickness of the fluid layer around fibers 
which is affected by slip flow, then the computational domain can be divided 
accordingly, with obvious advantages in terms of time and accuracy of the results. 
This work aims to get a deeper understanding of the slip flow in fibrous filters by 
considering the solutions for three simple geometries (sphere, cylinder and parallel 
plates), and comparing the resulting drag coefficient, CD 
2FD
+U 21R2
, with the value 
obtained in case of no slip boundary conditions. These geometries are relevant both 
to the study of the flow field around fibers and to that of aerosol particles 
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displacement. However, they are extremely appealing also from a fundamental point 
of view because at such low Reynolds numbers (typically between 10-3 and 10-1) [3] 
one has a purely creeping flow without a wake past the obstacle [4]. 
The analysis of the stationary Stokes problem shows that the total drag experienced 
by a sphere in slip-flow regime is equivalent to the Stokes total drag for continuum 
flow multiplied by a rarefaction coefficient dependent upon the Knudsen number. The 
rarefaction effects decrease the total drag experienced by a sphere below the 
continuum model prediction.
2. Flow around a sphere 
The creeping flow around a sphere was first investigated by Stokes [5], who derived 
the well-known formula for the drag coefficient named after him. Whilst inertia is 
completely neglected in this approach, its effects become significant at large 
distances, regardless of how small the Reynolds number is. This was taken into 
account by Oseen, who added a linearized acceleration term to the momentum 
equation [6], and Goldstein, who derived the exact solution of Oseen’s equations [7]. 
Figure 1 - Problem formulation for the flow around a sphere 
An expression for the drag coefficient at small Reynolds numbers can also be 
obtained by means of the perturbation method [8]. The stream function for creeping 
flow in a spherical polar coordinate system (sketched in Figure 1) satisfies the 
biharmonic equation [9, 10]: 
4 2 2( ) 0@ @     (1) 
The solution of Eq. (1) can be written in the form: 
2 4 2( , ) ( )sinAr Br Cr Dr
r
@ 9 9      (2) 
where A, B, C and D are constants. Because the stream function at r AI  is 
2 2( , ) sin
2
U r@ 9 9II    (3) 
where IU  is the free stream velocity, one can conclude that 0D  and 2IUC .
The velocity components resulting from this solution are: 
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Figure 2 - Drag coefficient on the sphere: comparison between analytical solutions 
and experimental results available in the literature (case of no slip) 
The remaining two arbitrary constants are determined by imposing the conditions on 
the radial and tangential components of the velocity on the sphere wall. In the case of 
no slip, 0 9uur , and one obtains 4
3RUA I  and 43 RUB I	 . Figure 2 shows a 
comprehensive summary of the results available in the open literature.  
In the case of slip flow, the boundary condition for the tangential velocity is 
proportional to the wall shear stress: 
2 Ru Kn9 9
 -
 
	
  ( r R , 0 9 1. . ) (5) 
where Kn is the Knudsen number and  is the tangential momentum accommodation 
coefficient. The resulting expressions for the arbitrary constants are: 
*
*
*
3
31
21
4
3
31
1
4
1
Kn
KnRUB
Kn
RUA


	


I
I
 (6) 
where   	 2* KnKn . The drag force on the sphere is the sum of skin-friction 
drag, normal stress drag, and pressure drag (or shape drag), which can be calculated 
by integrating on the sphere surface the tangential stress component 9- r , the normal 
stress component rr- , and pressure, respectively, where the stress components are 
given by: 
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The total drag force resulting from the integration of these stress components is: 
*
*
31
216
Kn
KnRUFD 

 I1  (8) 
Thus, Eq. (8) shows that the effect of slip flow is to decrease the total drag 
experienced by the sphere. A non-dimensional drag coefficient can be defined as the 
ratio between the drag force and the dynamic pressure acting on the projected front 
area:
CD 
FD
1
2
+UI
21R2
 (9) 
In case of no-slip flow, FD  61UIR , so that CD Re 12A 2. For slip flow, one finds 
that the drag coefficient is reduced significantly: for example, setting Kn = 0.1 and  = 
1 yields CD Re 12A1.75, which means a reduction of 12.5%. 
3. Flow in circular tubes 
The continuum flow momentum equation for the incompressible flow within smooth 
micro-tubes is: 
2
2
1( )d u du dp
r dr dzdr
               (10) 
where r is the radial coordinate, and z that in the flow direction. The boundary 
conditions are u O I  when 0r   and: 
2
f
duu
dr


	
 	  (11) 
On the tube wall, where f is the mean free path, and  is the tangential momentum 
accommodation factor. Introducing the Knudsen number, where the characteristic 
length is the tube diameter, the velocity distribution is given by: 
2 2 21 2( 4 )
4
dpu R r Kn R
dz

 
	
 	 	  ( (         (12) 
The mean velocity is defined as: 
2
2 0
1 1 22 (1 8 )
8
R R dpu udA rudr Kn
A dzR
1
 1
	
L $   	  (7 7            (13) 
so that the volumetric flow rate is: 
4
2 2(1 8 )
8
R dpG R u Kn
dz
1 1
 
	
 L $ 	  (         (14) 
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and one can calculate the pressure drop in a tube of length L as: 
1
4
8 2(1 8 )LGp Kn
R
 
1
		   (

          (15) 
For an ideal gas at temperature T, the mass flow rate is given by: 






 		 Knp
dz
dp
TK
Rm
gas 


1 281
8
4
          (16)  
For isothermal flow, the product of pressure and the Knudsen number is constant and 
one can write pKn  p0Kn0 . Then, the mass flow rate can be re-written as: 
4 2 2 2
0
02 2
0 00 0
2[ 16 ( )]
16
i iz zR p p pp pm Kn
RT z p pp p
1 
 
	
 	  ( 	
(
  (17) 
and setting 0zp p  yields: 
4 2 2
0
2
00
2[ 1 16 ( 1)]
16
i iR p p pm Kn
RTL pp
1 
  I
	
 	  ( 	        (18) 
On the other hand, the mass flow rate for the continuum flow, i.e. with no slip, is given 
by:
4 2 2
0
* 2
0
( 1)
16
iR p pm
RTL p
1

 	            (19)  
Thus, in case of slip flow the mass flow rate through the tube is larger than in case of 
no slip, because 1* $mm   for the same pressure difference between the two ends of 
the tube: 
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216
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

           (20)  
Since the flow rate for the slip case increases over the no-slip case, one can 
conclude that slip flow induces a reduction of frictional drag on the flow. 
4. Flow around a cylinder 
The flow around a cylinder is important not only in the context of fibrous filters, but 
also in many other engineering applications, both from the fluid dynamics and from 
the heat transfer points of view [11]. Unfortunately, for the uniform viscous flow 
around a circular cylinder, Stokes proposed that there was no analytic solution, which 
is known as Stokes’ paradox [5, 9]. Technically speaking, this happens because 
uniform flow around a cylinder does not satisfy a certain consistency condition [12]. 
More recently, the corresponding necessary condition for the existence of a solution 
was found assuming that there is a slip on the surface of the cylinder [13]. 
Several Authors have proposed asymptotic solutions for the creeping flow around a 
cylinder with no-slip boundary condition [10] and drag coefficient correlations [14-17], 
including a recent work suggesting a solution for the Stokes paradox [18]. 
Experimental data are available in the range of Reynolds numbers from 0.06 to 0.5 
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[19] as well as for higher Reynolds numbers [20]. Figure 3 summarizes different 
results for the drag coefficient on a cylinder in case of no-slip (both theoretical and 
experimental) available in the literature. 
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Figure 3 - Drag coefficient on the cylinder: comparison between analytical solutions 
and experimental results available in the literature (case of no slip) 
To investigate the effect of slip flow on a cylinder, we carried out numerical 
simulations of the flow field using the commercial code Fluent v6.3. From this the 
drag coefficient could be obtained. The results were then compared with the CFD 
solution for the no-slip problem. The slip-flow condition is the same used above for 
the spherical geometry, given by Eq. (5), and was implemented as a user-defined 
function. To allow updating the boundary condition as the flow field solution 
converges, the problem is solved as a transient flow instead of a steady-state flow. 
Figure 4 - Tangential velocity on the cylinder wall 
Figure 4 shows an example of the tangential velocity on the cylinder wall in case of 
slip flow, while Figure 5 shows the comparison between the drag coefficients 
obtained with slip and no-slip boundary conditions, setting Kn = 0.1 and  = 1. One 
can observe a clear reduction of the drag coefficient for slip flow of the order of 10%, 
which is consistent with the value calculated analytically for the spherical geometry 
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above, using the same values for the slip parameters Kn and .
Figure 5 - Drag coefficient on a cylinder in cross-flow: comparison between slip flow 
and no-slip flow 
5. Conclusions 
The problem of laminar (creeping) flow with slip flow boundary conditions was studied 
for both external flow (sphere, cylinder) and internal flow (circular tube), and 
compared with the solutions obtained in case of no-slip boundary condition. The 
study of slip flow in these geometries is the first step towards a better understanding 
of slip flow in fibrous filters: in fact, they are the simplest representation of fibers (the 
cylinder), of pores within the filter (the tube), and of particles or aerosols (the sphere). 
In two cases (sphere and tube), the solution for slip flow can be found analytically, 
while for the cylinder a numerical solution obtained with a commercial CFD code is 
provided. In all cases, slip flow causes a reduction of the drag exerted by the wall on 
the flow, which results into a reduction of the drag coefficient (in case of external flow) 
or of pressure drops (in case of internal flow). 
On the basis of these results, one can tackle the investigation of more realistic 
systems, where several of these basic elements are combined together. 
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